The peculiar characteristics of dust toxicity are discussed in relation to the processes taking place at the particle-biological medium interface. Because of surface reactivity, toxicity of solids is not merely predictable from chemical composition and molecular structure, as with water soluble compounds. With particles having the same bulk composition, micromorphology (the thermal and mechanical history of dust and adsorption from the environment) determines the kind and abundance of active surface sites, thus modulating reactivity toward cells and tissues. The quantitative evaluation of doses is discussed in comparisons of dose-response relationships obtained with different materials. Responses related to the surface of the particle are better compared on a per-unit surface than per-unit weight basis. The role of micromorphology, hydrophilicity, and reactive surface cations in determining the pathogenicity of inhaled particles is described with reference to silica and asbestos toxicity. Heating crystalline silica decreases hydrophilicity, with consequent modifications in membranolytic potential, retention, and transport. Transition metal ions exposed at the surface generate free radicals in aqueous suspensions. Continuous redox cycling of iron, with consequent activation-reactivation of the surface sites releasing free radicals, could account for the long-term pathogenicity caused by the inhalation of iron-containing fibers. In various pathogenicities caused by mixed dusts, the contact between components modifies toxicity. Hard metal lung disease is caused by exposure to mixtures of metals and carbides, typically cobalt (Co) and tungsten carbide (WC), but not to single components. Toxicity stems from reactive oxygen species generation in a mechanism involving both Co metal and WC in mutual contact. A relationship between the extent of water adsorption and biopersistence is proposed for vitreous fibers. Modifications of the surface taking place in vivo are described for ferruginous bodies and for the progressive comminution of chrysotile asbestos fibers. Environ Health Perspect 1 05(Suppl 5): 1013-1020 (1997) 
Introduction
The crucial role played by physicochemical characteristics in the pathogenic response to particulates has been recognized since the early research in dust toxicity. In some pioneering works the biological effects of different forms of the same mineral (mostly silica) or of chemically modified samples were compared and related to the physicochemical properties (1) (2) (3) (4) . Hemolysis of red blood cells was one of the first effects caused by mineral dusts to be extensively investigated over a large variety of specimens (5, 6) . Attention was then focused on the crystal faces exposed and on the chemical functionalities present at the surface (7) (8) (9) . Few extensive reviews on the physicochemical properties of minerals relevant to biological activities appeared in the subsequent years (8) (9) (10) ; meanwhile, research proceeded much more on the biomedical
Inorganic Particles in Living Matter
When an inhaled particle comes in contact with biomolecules, cells, and tissues, reactions occur at the particle-biological medium interface that are determined by the reactivity of the particle surface. In this respect particle toxicity differs on many points from the toxicity originated by water-soluble toxic agents. Molecular structure determines the toxicity of a soluble compound. In the case of mineral particles, chemical nature, size, shape, surface roughness, exposure of crystal planes, and various surface functionalities all contribute to ultimate toxicity. Table 1 compares the characteristics of soluble and insoluble toxic agents. The mechanisms of action of particles is generally more complex because: a) the particle may interact at various stages with tissues; b) various surface functionalities may be implied; c) the in vivo durability, i.e., biopersistence, is also an important factor in determining overall pathogenicity.
In the early stages of pathogenic response, the function of the surface is mostly related to adsorption phenomena and cell-particle interactions. Adsorption may be either a primary step in toxicity or may inhibit adverse responses by blocking direct interactions between the particle surface and cell membrane.
Adsorption of xenobiotics prior to inhalation may transform the partide into a carrier of carcinogens in the lung, which may act synergistically with the particle itself (11) . Polyaromatic hydrocarbons (PAHs) are adsorbed at the asbestos surface to a larger extent than on other solids such as silica or glass fibers (12) (13) (14) . The surface concentration of PAHs attained is higher because on asbestos the PAH molecule is polarized and adsorbed vertically and not horizontally, as on silica. Multiple layers of vertically packed molecules build up and bind strongly to the surface (14) . This may be related to the well-established synergistic effect of tobacco smoking and asbestos exposure on the risk of lung cancer; the relevant mechanism in still under debate (15 (16) .
By the time an inhaled fiber reaches the alveolar region, contact with body fluids has modified the external surface via physical adsorption of macromolecules. Surfactant treatments have been designed to model surface conditioning representative of initial events that occur when a particle deposits in the pulmonary alveolar space (17) .
Interaction with cells may occur either with target cells that are directly damaged by the particle or with immune system cells attempting a defense against the foreign body, typically alveolar macrophage(s) (AM) and polymorphonuclear leukocytes.
In the first case it is often hypothesized that DNA damage is caused by free radicals generated at the particle surface (11) . The interaction with AM involves phagocytosis of the particle. In the lysosome the particle will experience a lower pH and a high concentration of oxidants, which may yield redox/radical reactions with consequent free radical release or chemical modifications at the surface of the particle itself.
Physicochemical Factors Influencing Surface Reactivity
Surface reactivity, hence pathogenicity, is not predictable simply from chemical composition of the bulk (Table 1) . A typical example is the variety of biological responses to the simple compound, silicon dioxide (1) (2) (3) (6) (7) (8) (9) 18) . The various crystalline silica polymorphs exhibit remarkable differences in their pathogenic potential related to differences in crystal structure (1, 3, 8, (19) (20) (21) . Even specimens of the same silica polymorph, e.g., cristobalite dusts of different origin (22, 23) (22, 33) . Correspondingly, the membranolysis potential decreases (33, 34) . The reversible adsorption of water, reported in Figure 1 for cristobalite heated at different temperatures, measures the extent of silanols patches, i.e., the extent of hydrophilic sites (18) . It is noteworthy that when reported as a function of the temperature of the thermal pretreatment (Figure 1 ), hydrophilicity paralleled membranolysis. The silica content of macrophages from bronchoalveolar lavage was much higher in the case of heated than in unheated cristobalite. This may be related to a decreased toxicity to macrophages, with consequent delay in macrophage death as a consequence of reduced membrane Table 2 . Surface properties that determine the fate of the particle. Properties cases, fibrous materials have been reported as more active than their nonfibrous counterparts (36) .
With equant particles, the biological response is often related to the extent of exposed surface (37) Table 3 suggests the most appropriate parameters to adopt for dose evaluation by following the biological response investigated.
In fibers, expression is more complicated, as length, diameter, and aspect ratio also must be considered (11) .
The fibrous habit has always been considered a physical property of the material unrelated to chemical ones.
Particle fate
Cell-surface adhesion, adsorbed substances, hydrophilicity (16, 40) Translocation into the various compartments Hydrophobicity (16) , Release of iron-mediated ROS (35) Internalization Potential for free radical release (44) DNA damage, lipid peroxidation Solubility, membranolytic potential, cytotoxicity Biopersistence and clearance (40) .
Cristobalite fully hydrophobized by thermal treatment was inert both in vitro and in vivo (22, 23) . Chemically hydrophobized silica surfaces are also less pathogenic (41) . This suggests that the pathogenic process is modulated by the extent of surface hydrophobicity, even if other surface functionalities are directly responsible for fibrogenic response to crystalline silicas (42) .
Transition Metals and Free Radical Release
A large set of data from in vivo and in vitro tests indicates that antioxidants, ROS scavengers, and strong iron chelators ameliorate or inhibit the biological response to asbestos, which supports the hypothesis that iron-derived ROS would mediate genetic damage and play some role in asbestos toxicity (11, (43) (44) (45) (43) . In both cases, the radical concentration attained may impair body defenses, and consequently, radicals may reach target cells.
The mechanism whereby a fiber promotes or catalyzes the abnormal release of radicals is still under debate. A crucial role in this reaction is played by the location of iron at the asbestos surface (43) (44) (45) . Glass-, slag-, and rockwools also release free radicals in aqueous suspensions provided that iron is present in the fiber composition. (46) (47) (48) .
The transforming potency on Syrian hamster embryo cells of various ironcontaining solids was decreased by adding desferrioxamine, inferring that transforming potency is indeed related to iron (49) . Not all iron was active, in agreement with a large number of cell-free tests indicating that only a small fraction of total iron present is capable of generating ROS (31, 43, 50 (44, 53) . Singlestrand DNA damage correlates with iron that may be mobilized from asbestos by low molecular weight chelators, which suggests a direct relationship between free radical generation and mobilized iron (44, 53 The iron involved in the reactionoriginating ROS may be in the chemical composition of the fiber (amphibole asbestos) or present as an impurity (chrysotile and glass fibers) (31, (48) (49) (50) (51) (52) . There is evidence that endogenous iron is deposited on the fiber surface from macrophages or other cells (57) that might also become active. This latter hypothesis might explain the toxicity of fibers that do not contain any iron e.g., ceramic fibers, but are carcinogenic in experimental animals.
Free radicals have been found in cell-free assays by different techniques, including direct spin trapping, oxygen consumption, lipid peroxidation, and DNA damage (43) . Free radical release is not necessarily a catalytic reaction. The term "catalyzes" is often misused in place of the term "generates" in cases where no evidence was reported that free radical release was not just an outburst but a prolonged reaction. When the solid surface merely acts as a Fenton reagent:
particle + H202 -OH + OH-, the reaction is indeed catalytic (52) . Catalysis would then be confined to the phagolysosomal medium, where hydrogen peroxide is released following phagocytosis of the particle. In vivo, however, the situation may be different, as in some cases the surface active sites may be regenerated through redox cycles (43, 50) .
Interaction Between Components in Mixed Dusts
In mixed dusts each component may undergo surface contamination to some extent from the other components, which may inhibit or enhance toxicity.
Inhibition ofSilica Activity by Clays
The total amount of crystalline silica in coal mine dust does not correlate with pathogenicity. Several explanations have been proposed, including rank effect (relating toxicity to the geological strata of the coal deposit) and the role of days in inhibiting the activity of quartz partides when in dose contact with or actually covering the particle. Cytotoxity of these dusts relates better to free (uncovered) quartz than to total quartz content (58) . Submicroscopic aluminosiicate coatings, recently evidenced on quartz, could also explain the rank effect in coal workers' pneumoconiosis (59 (60) (61) (62) . In vivo and in vitro tests indicate that the pure components, namely Co metallic particles and pure WC, are inert. The pathogenic response is also different from that elicited by Co salts (61, 62) . Toxicity originates only when contact occurs with mixed dusts. Cell-free assays reveal that mixed dusts, not the pure components, release ROS in a buffered aqueous suspension, while Co is progressively solubilized (63). Co was not toxic per se, as Co soluble salts in contact with carbide partides are also inert. AR data are consistent with the model illustrated in Figure 2 , where atmospheric oxygen is activated at the WC surface by electron migration from Co to the carbide. In this case it is the mere contact between the particles, i.e., the solid-solid interface, which causes the reactivity related to the pathogenic response (63) .
State of the Surface and Biopersistence
The biodurability of a fiber or partide, one of the parameters relevant to biopersistence, depends mainly on dissolution and leaching in vivo (37) . Chemical composition determines the solubility in equilibrium conditions, but the rate of dissolution also depends on extension and state of the surface. Selective leaching of ions exposed at the surface, removed by water molecules or endogenous chelators, facilitates penetration of solvent molecules in the solid, which allows solubility.
We compared the adsorptive capacities of water vapor molecules of some artificial fibers with those of pure vitreous silica. Figure 3 illustrates the amount of water adsorbed as a function of the equilibrium vapor pressure (adsorption isotherms) for man-made vitreous fiber (MMVF)1O, MMVF11, and MMVF21, and a ground pure silica glass (Suprasil). All glass fibers adsorb more water than pure vitreous silica under the same water vapor pressure because of coordination of water molecules with the exposed metal ions that are present in glass but not in silica. Their affinity for water, on a per-unit surface basis, is different, however, decreasing in the series MMVF11 > MMVF10 > MMVF21 > vitreous silica.
It is noteworthy that these fibers ranked in the same order when compared for biopersistence in vivo (64) . If these findings could be validated on a much larger number of fibers, the number of water vapor molecules adsorbed by a given material might somehow predict, in a quick and simple way, the biopersistence of particles or fibers close in size and shape.
Modification of the Surface in Vivo
The surface is partly modified in vivo even in the most biopersistent particles such as amphibole asbestos or crystalline silica, whose form sometimes appears unchanged even after retention for decades in the body. Some fibers break apart; others, such as chrysotile, split into fibrils and are progressively leached. In addition to the obvious adsorption of biomolecules from extracellular fluids and cytoplasm, some ions will be selectively deposited on the particle and others extracted by endogenous chelators. Iron chelators mobilize considerable amounts of iron from some asbestos, which modifies the surface and subsurface layers (44, 50, 53, (65) (66) (67) . Solubility in biological fluids containing molecules or anions that may chelate metal ions e.g., oxalate, phosphate, cysteine is much different from that in pure aqueous solution (66, 67) .
Scanning electron microscopy-energy dispersive spectroscopy investigations in our laboratory on ex-in vivo particles revealed that ion deposition is specific for each solid examined (unpublished results).
Major modifications take place in two cases: the formation of ferruginous bodies on asbestos (and few other kinds of fibers), and the progressive desegregation of chrysotile asbestos fibers.
Ferruginous bodies are the final product of a type of biomineralization that takes place on the surface of inhaled mineral fibers; endogenous iron deposits around the fiber, forming a thick, segmented coating of iron oxyhydroxides mixed with organic material (68) (69) (70) . Long straight fibers are preferentially coated over short curled ones, but the percentage of coated fibers also depends on asbestos fiber type. In a recent Japanese study, a high number of asbestos bodies was found in a rather large cohort of patients. The number of coated fiber varied from 5% for chrysotile to 27% for amosite (71) . This suggests that formation of asbestos bodies is related to both form and surface chemistry of the inhaled fiber. The biological significance of this process is still obscure (70) . It is assumed to be a body defense mechanism attempting to isolate the fiber from direct contact with the lung. However, under some circumstances, the iron contained in the bodies may become redox active and trigger a series of deleterious reactions; amosite-cored asbestos bodies were responsible for the formation of single-strand breaks in DNA to a larger extent than uncoated fibers of similar size (72) . If deposited iron is, or becomes, redox active, cycles of iron extraction and redeposition at the fiber surface may provide continous activation of the surface, releasing free radicals via the above mechanisms, which may account for long-term pathogenicity (43, 50) .
As opposed to amphiboles, which persist within the body virtually unchanged in their crystal structure, chrysotile is progressively split into fibrils and is eventually cleared from the lung, which makes the assessment of exposure to chrysotile sometimes difficult. This is due to its typical serpentine (layered silicate) structure, which is schematized in Figure 4 Surface area is increased by the leaching process, both because of the formation of empty cavities within the solid, and the splitting of bundles of fibers into fibrils (Figure 4) . The adsorptive capacity of different kinds of small molecules e.g., water, ammonia, tert-butanol, even when measured per unit surface area, is much higher on leached than on unleached fibers. Figure 5 illustrates the adsorption of ammonia, measured on a per-unit surface basis, which indicates the presence of acidic surface sites. The above data indicate that in addition to the increase in specific surface, leaching imparts a different chemical reactivity to the surface. On leached fibers, strong adsorption of proteinaceous material may take place, which eventually would protect the body from direct contact with the fiber. However, adsorption of PAHs is weaker with leached than with the original chrysotile, which suggests that solids with a basic character (asbestos, magnesia) have more affinity for PAHs than those with an acidic one (silica, alumina) (14) .
As a consequence of surface differences, some biological responses to chrysotile fibers are also modified upon leaching: more cytoplasmic enzymes but fewer lysosomal enzymes were released with leached fibers than with unleached ones (74) . The inactivation of human leukocyte elastase was greater on the leached fibers, probably in connection with their greater surface acidity (75) , as was shown by its higher affinity for ammonia ( Figure 5 
Surface Chemistry in Future Work
The molecular mechanisms by which particulates elicit a pathogenic response are still partly obscure even for well-established carcinogenic materials such as asbestos (11) or crystalline silica, which is one of the most fibrogenic dusts (7, 18, 76) and has been recently classified as carcinogenic to humans by the International Agency for Research on Cancer (42) . This is partly because research in this field has proceeded in the following sequence, beginning with evidence of the association between exposure and pathogenicity of a given material: Pressure, torr An understanding of the last point for toxic particles and fibers whose toxicity is well established could be of great help in designing safer new materials to be used as substitutes for pathogenic ones. The above sequence could be reversed in the following way: Under these circumstances the knowledge of pathogenic minerals accumulated so far could be utilized to produce safer new materials and cell-free and in vitro tests could be used to prescreen new fibers and particles on the market and in the environment.
